Abstract -The effect of post-growth thermal treatment on the InAslGaAs quantum dots is investigated. The photoluminescence (PL) and tracismission electron microscopy (TEM) studies of samples annealed at temperaturfes up to 950°C are presented. A complete dissolution of QDs and substantial broadening of the wetting layer (WL) can be seen by TEM. Therefore the thermally induced modification of the WL (rather than QDs) is responsible for a blue-shift and narrowing of PL peaks in our structure containing InAs/GaAs QDs.
A. Introduction
Thermally induced intermixing of semiconductor low-dimensional strucixres attracts an attention as a way of tuning their properties [l] . In recent years this technique has been applied to semiconductor quantum dots (QDs), which appear to be very promising in many optoelectronic applications [2] . Although there are many reports dealing with this problem, still some questions remain. In particular there is a debate over the character of carrier confinement in the intermixed QDs. In this study we will show that the thermal annealing of QDs at relatively high temperatures can lead to their decomposition and that photoluminescence (PL) blue-shift and narrowing in such structures can be due to the wetting layer (WL) modification.
B. Experimental procedure
Investigated structures were grown by metal organic vapour phase epitaxy (MOVPE) on GaAs (001) substrate. The InAs self-assembled QUs were grown in a Stranski-Krastanow growth mode at 470°C and they were overgrown by l o o m thick GaAs layer. FOLU samples of this structure were annealed in rapid thermal annealing (RTA) system under nitrogen ambient for 30 seconds at 800"C, 850"C, 900°C and 950°C. PL spectra of as-grown and annealed samples were measured at liquid helium temperature. Measurements were pformed in a continuos flow CF-1204 Oxford cryostat with excitation with a semiconductor laser (A= 7801x11). The signal was dispersed by a 0.5m monochromator and collected using a LN2 cooled germanium detector.
Transmission electron microscopy (TEM) was applied to study changes of sample microstructure. Cross-sectional TEM specimens were prepared fiom all investigated samples using standard mechanical thinning followed by ion milling. In addition, plan-view TEM specimen was prepared fiom as-grown sample by wet etching in 5% methanol solution of Br.
0-7803-58 14-7/00/$10.00 0 2000 EEEPL spectra of as grown and annealed samples are shown in Fig. 1 . A broad PL peak seen at 1.155 eV for as grown sample is due to the optical recombination within the I d s QDs. Its broadening reflects an inhomogeneous size distribution of QDs. Two other PL features (denoted in Fig. 1 with arrows) observed fiom as grown sample at 1.42 eV and 1.37 eV are due to InAs WL. It is known that both the QDs and WL PL peaks can be simulatneously observed at low QDs density [3] . A bimodal structure of the WL-related feature is probably due to different thickness of WL fiom different sample regions. Higher energy PL is due to emission from thinner WL (presumably surrounding the QDs) and lower energy PL is due to emission from thicker WL (in regions between the QDs).
On the contrary to as-grown sample, only one PL peak can be observed for all annealed samples. The PL peak energy position changes in those samples fiom 1.388 eV (8OOOC) to 1.427 eV (95OOC). The PL peak in annealed samples narrows with increasing annealing temperature. The PL intensity also increases with increasing RTA temperature. The PL blue-shift and narrowing was previously reported for similar InAs QDs grown by molecular beam epitaxy (MBE) [4] . However energy position of PL peaks in our annealed samples are significantly larger than reported previously. This suggests that processes observed in our experiment are of different origin, which is probably due to differences between MOVPE and MBE growth conditions. RTA treatment of our sample results in quenching of the PL from the thinner WL and from the QDs. This may be due to interdiffusion of In out of the QDs, which enriches surrounding WL regions. Simultaneously the thicker WL undergoes an intermixing, which results in a blue-shift and narrowing of its PL peak. Therefore in our experiment the PL seen fiom annealed structures is attributed to the WL and not to the QDs. Fig.3a , connects adjacent QDs. In annealed samples this layer is still visible and its thickness increases with annealing temperature (see Fig.3b and Fig.3~ ). The layer thickness was found to increase to approximately 3 nm after annealing at 800°C (Fig.3b ) and to about 10 nm after annealing at 950°C (Fig.3~) . In addition to significant WL thickening RTA leads also to drastic changes of the morphology. No QDs can be Seen in InAs layers after such thermal treatment. There are still some indium fluctuations visible in the HREM images of samples annealed at 800°C (Fig.3c) , however there are no well defmed QDs as in the as-grown samples (Fig.3a) .
E. Conclusions
In conclusion, we studied the effect of thermal treatment on the structures of InAs/GaAs
QDs grown by MOVPE. PL and TEM studies of samples annealed at temperatures up to 950" C strongly suggest a complete shrinkage of QDs and substantial thickening of the WL. It has been proposed that the thermally induced modification of the WL rather than QDs is responsible for a blue-shift and narrowing of PL peaks in our structures containing InAdGaAs QDs.
